Area-restricted search (ARS) is a foraging strategy used by many animals to locate resources. The behavior is characterized by a timedependent reduction in turning frequency after the last resource encounter. This maximizes the time spent in areas in which resources are abundant and extends the search to a larger area when resources become scarce. We demonstrate that dopaminergic and glutamatergic signaling contribute to the neural circuit controlling ARS in the nematode Caenorhabditis elegans. Ablation of dopaminergic neurons eliminated ARS behavior, as did application of the dopamine receptor antagonist raclopride. Furthermore, ARS was affected by mutations in the glutamate receptor subunits GLR-1 and GLR-2 and the EAT-4 glutamate vesicular transporter. Interestingly, preincubation on dopamine restored the behavior in worms with defective dopaminergic signaling, but not in glr-1, glr-2, or eat-4 mutants. This suggests that dopaminergic and glutamatergic signaling function in the same pathway to regulate turn frequency. Both GLR-1 and GLR-2 are expressed in the locomotory control circuit that modulates the direction of locomotion in response to sensory stimuli and the duration of forward movement during foraging. We propose a mechanism for ARS in C. elegans in which dopamine, released in response to food, modulates glutamatergic signaling in the locomotory control circuit, thus resulting in an increased turn frequency.
Introduction
For survival, an organism must find resources such as food, mates, and territory. Many species use stereotypic foraging strategies to find essential resources, and thus, the distribution of these resources can influence movement behavior. In turn, movement behavior can influence population ecology, the spread of invasive species, and biodiversity (Slatkin, 1985; Kareiva and Odell, 1987; Andow et al., 1990; Grunbaum, 1998) . Although our understanding of the ecological and evolutionary significance of foraging behavior has advanced considerably, the neural and molecular mechanisms underlying this behavior are largely unknown.
One type of foraging strategy that is found in virtually all organisms ranging from insects to vertebrates is the arearestricted search (ARS) (Kareiva and Odell, 1987; Bell, 1991; Benedix, 1993; Keaser et al., 1996; Grunbaum, 1998) . Animals using ARS will turn more frequently after an encounter with food, restricting their search around the area where food was last found. As the period of time since the last food encounter increases, animals turn less frequently and begin to move away, following a more linear path. This strategy increases the time spent where food is likely to be found and allows the search to be expanded to new areas when the food supply is exhausted.
Theoretical models predict that ARS has adaptive benefits in environments where food is distributed in clumps (i.e., when food in one location is highly correlated with food at nearby locations) (Kareiva and Odell, 1987; Walsh, 1996; Grunbaum, 2000) . These models assume generalized "internal state factors" that modulate turning frequency as a function of the time since food was last encountered. One candidate for an internal state factor is the neurotransmitter dopamine. Dopamine has been shown to act both presynaptically and postsynaptically to modulate synaptic signaling (Cameron and Williams, 1993; Umemiya and Raymond, 1997; Yan et al., 1999; Nicola et al., 2000) , which in turn can alter the properties of downstream behavioral rhythms (Barnes et al., 1994; Harris-Warrick et al., 1995) . Defects in dopaminergic signaling are also implicated in a wide range of disorders in goal-directed behavior. These include the response to novel stimuli (Hollerman and Schultz, 1998; Dulawa et al., 1999; Zhuang et al., 2001) , feeding behaviors (Szczypka et al., 2001) , drug addiction (Rocha et al., 1998; Berke and Hyman, 2000) , attention deficit hyperactivity disorder (Faraone et al., 2001 ), Parkinson's disease (Marsden, 1992) , and schizophrenia (Hietala and Syvalahti, 1996) . Dopamine can modify the kinetics of ligand-gated ion channels, presumably leading to changes in neural circuit properties that alter behavior (Knapp and Dowling, 1987; Maguire and Werblin, 1994; Greengard, 2001) . In mammalian cells, dopamine activates a second-messenger pathway that leads to the phosphorylation of the AMPA subtype of ionotropic glutamate receptors (iGluRs) Snyder et al., 2000; Green-gard, 2001 ). Phosphorylation of iGluRs results in the modification of receptor kinetics (Roche et al., 1996) . This modulation may persist on the order of minutes, consistent with the time course of ARS. This process may also be involved in longterm changes in synaptic efficacy (Barria et al., 1997) .
To understand the mechanisms controlling ARS and the possible roles of dopaminergic and glutamatergic signaling, we studied this behavior in the nematode Caenorhabditis elegans. In response to attractive stimuli, such as food, C. elegans modulates its turning frequency and navigates up a gradient of chemical cues (Croll, 1975; Pierce-Shimomura et al., 1999) . Dopaminergic signaling mediates the locomotory response to food (Sawin et al., 2000) and also plays a role in feeding and egg laying (Schafer and Kenyon, 1995; Weinshenker et al., 1995) . Four pairs of bilaterally symmetrical dopaminergic sensory neurons have been identified in the C. elegans hermaphrodite (Sulston et al., 1975) . The command interneurons of the locomotory control circuit express iGluRs and receive synaptic input from the dopaminergic neurons (White et al., 1986; Hart et al., 1995; Maricq et al., 1995; Brockie et al., 2001a) . Mutations in iGluR subunits that are expressed in these interneurons lead to predictable changes in the frequency of high-angled turns (Zheng et al., 1999; Brockie et al., 2001b) .
Here, we describe the ARS phenotype in C. elegans and show that a specific neural pathway involving dopamine and glutamate mediates this behavior. Well-fed worms show stereotypical ARS behavior and, thus, turn more frequently immediately after removal from food compared with 30 min of food deprivation. This locomotion response to food deprivation can be reset by brief exposures to food, consistent with the ecological descriptions of ARS (Kareiva and Odell, 1987; Bell, 1991) . Exposure to exogenous dopamine increases turning frequency, whereas a dopamine antagonist, raclopride, is sufficient to eliminate ARS. Ablation of the dopaminergic neurons also eliminates ARS but is rescued by preincubation on dopamine. Downstream of the dopaminergic neurons, we show that mutations in genes required for glutamatergic signaling are sufficient to eliminate ARS. Thus, dopaminergic modulation of turning frequency requires functional glutamatergic signaling.
Materials and Methods
Strains and DNA constructions. Nematodes were raised at 20°C under standard laboratory conditions on agar plates covered in the Escherichia coli strain HB101 (Brenner, 1974; Sawin et al., 2000) . Wild-type nematodes were C. elegans strain N2. The mutant strains used were ced-1(e1735), glr-1(ky176), glr-2(ak10), eat-4(ky5), glr-2(ak10) glr-1(ky176), and cat-2(e1112) . Rescue transgenic lines were generated for glr-1(ky176) and glr-2(ak10) by injecting nmr-1::GFP (pPB1; 40 g/ml) with either a glr-1 (pV1) or glr-2 (pPB57) genomic clone (60 g/ml) (Maricq et al., 1995; Mellem et al., 2002) . The transgenic dat-1::ICE strain was generated by injecting lin-15(n765ts) mutants with a lin-15 rescuing plasmid (pJM23; 30 g/ml), along with dat-1::GFP (pTH6; 65 g/ml) and dat-1::ICE (pTH5; 65 g/ml). Cell death was confirmed by observing apoptotic bodies in transgenic dat-1::GFP; dat-1::ICE; ced-1(e1735) mutants (Zheng et al., 1999) . The dat-1::GFP; dat-1::ICE transgenic worms used for the experiments were first identified by green fluorescent protein (GFP) expression in L1 larval and then by the absence of GFP on the day of the experiment.
ARS and recovery assay. Young adult worms were removed from the culture plate using a glass pick and allowed to move freely on a food-free agar surface to remove residual food. Worms were then moved to an unseeded (no food) observation plate (5 cm diameter) containing 5 ml of media (1 M MgSO 4 , 1 M CaCl 2 , 5 M KPO 4 , pH 6, and 2% Difco-Bacto agar) prepared the day before and kept at 20°C. The observation plate was placed under a DCR-TRV 900 digital video camera (Sony, Tokyo, Japan) and a ring light was used to provide even illumination of the agar surface. Frames were captured at a rate of one per second. For the ARS assay, worms were observed during the first 5 min and again after a total of 30 min had elapsed (last observation period). For the recovery assay ( Fig. 1) worms were moved to a seeded plate 60 sec before the last observation period. Worms that were not exposed to food were placed on the agar surface beside the bacterial lawn for 60 sec. Worms that were exposed to food were first transferred to the bacterial lawn for either 2 or 50 sec and then moved to the agar surface beside the bacteria for 58 or 10 sec, respectively. Using the Dynamic Image Analysis System (version 3.2; Solltech, Oakdale, IA), we reconstructed the paths of individual worms and analyzed the turning angle at 1 sec intervals. These data were then filtered using a program written in Python, which identified high-angled turns based on the description by Pierce-Shimomura et al. (1999) . The data for each worm was then averaged. Worms that stopped moving during the assay (velocity, Ͻ0.05 mm/sec) or were otherwise visibly paralyzed were removed from the data set. These worms represented Ͻ1% of all path data. The data were averaged for all worms on a given plate such that plates (not individual worms) represent each data point. Statistical comparisons for different strains in the ARS assay used repeatedmeasures ANOVA with strain and observation time (repeated factor) as the nominal variables. Data were considered statistically significant when the p value for the interaction effect between strain and time was Ͻ0.05.
Results for individual strains were tested by comparing early and late turning frequency using a Student's unpaired t test. Results were considered significant when the p value was Ͻ0.05.
Neurotransmitter and drug treatment. For all pharmacological experiments, except those in Figure 3 , I and J, dopamine (0.1, 1.0, or 10 mM) or raclopride (1 mM) was dissolved into the agar (without salts) (Schafer and Kenyon, 1995) and allowed to equilibrate overnight at 20°C. With the exception of Figure 4 , worms were video tracked on the assay plates immediately after removal from food. For Figure 4 , worms were first preincubated on unseeded plates containing either raclopride or no drug for 5 min before observation on plates containing no drug, dopamine, or dopamine and raclopride. Drug treatments were considered significant if, in an ANOVA, the interaction effect between strain and pharmacological treatment was statistically different ( p Ͻ 0.05). Strains were also tested against themselves for no drug versus drug using a Student's t test. For Figure 3 , I and J, 300 l of either 10 mM dopamine (dissolved H 2 O) or H 2 O was applied to the surface of a bacterial lawn and allowed to dry at room temperature for 2 hr. Worms were preincubated on these plates for 5 min before the ARS assay. The cat-2 rescue experiment was performed by observing worms on food-free plates that contained 10 mM dopamine. Three hundred microliters of either water or dopamine were added to salt-free plates ϳ2 hr before the experiment. Pretreatment was considered to rescue the ARS phenotype if the interaction effect between the treated mutants and the untreated wild-type worms was not significantly different ( p Ͼ 0.05) by repeated-measures ANOVA.
Laser ablations. Laser ablations were performed as described previously (Bargmann and Horvitz, 1991; Sawin et al., 2000) . A laser microbeam was used to ablate the dopaminergic neurons during the second larval stage in transgenic worms that expressed dat-1::GFP. The dopaminergic neurons were identified as those that expressed GFP. Successful ablations were confirmed by the loss of GFP expression in adult worms. Mock-ablated and laser-operated animals were anesthetized in parallel in 10 mM sodium azide. Animals were allowed 2 d to recover, after which behavioral assays were performed on young adults.
Results

C. elegans exhibits ARS behavior
We designed an assay to measure ARS behavior in C. elegans. Worms raised on agar plates covered with food (E. coli) were transferred to an agar plate without food (transition plate) and allowed to move approximately two body lengths to remove residual bacteria. Worms were then transferred to a second foodfree agar plate (observation plate), where they moved undisturbed for 35 min (Fig. 1 A) . The first and last 5 min of this period were recorded on digital video and analyzed for the frequency of high-angled turns and velocity (see Materials and Methods). Typical paths for the first and last observation periods showed a gradual trend toward less frequent turning as the time since removal from food increased (Fig. 1 B) . A smoothed histogram of 6000 turns calculated at 1 sec intervals (Fig. 1C) shows that the distribution of turns was bimodal and consisted primarily of turning near the forward direction (referred to as "running" by Pierce-Shimomura et al., 1999) . A smaller peak near Ϯ180°rep-resents the contribution to turning made by high-angled turns, which consist of stopping and reversing direction called "reversals" and sharp head to tail turns called "omega turns" (Croll, 1975 ; Pierce-Shimomura et al., 1999).
The focus of our research was the effect of food deprivation on the modulation of high-angled turns, specifically those turns greater in absolute magnitude than 50°(as described by Pierce-Shimomura et al., 1999) . The highangled turning frequency for 5 min was divided by the distance traveled during that period to compare the frequency of turning for worms moving at different velocities (see Materials and Methods). This determined the frequency of turns per unit distance.
Worms exhibited an increased turning frequency immediately after removal from food relative to their turning frequency observed 30 min later (Fig. 1 D) . The ARS index (ARSi) describes the ratio of turns between the first and last observation period (Fig. 1 E) . Because a high ratio of turns for the period immediately after food exposure (0 -5 min) to turns after a period of food deprivation (30 -35 min) is indicative of ARS, in subsequent figures we used the ARSi in addition to the raw data to better reveal genetic or pharmacological manipulations that modify the ARS phenotype (see Materials and Methods for an explanation of the statistics used to detect differences in ARSi).
Worms did not become uncoordinated, nor did they significantly change their velocity over the 35 min observation period in the absence of food (data not shown). This suggests that ARS results from an independent modulation of turning rather than a consequence of physiological exhaustion resulting from food deprivation.
ARS behavior is reset by food but not by touch
C. elegans changes locomotion in response to a wide variety of sensory stimuli, including vibration (Rankin et al., 1990; Wicks and Rankin, 1997) , temperature (Mori and Ohshima, 1995) , odorants (Ward, 1973; Bargmann et al., 1993; PierceShimomura et al., 1999) , touch (Chalfie et al., 1985) , and food (Sawin et al., 2000) . To verify that the ARS behavior we described was in response to food and not other sensory stimuli, such as touch, we quantified the locomotory response of wild-type worms to various treatments after 29 min of food deprivation. After the starvation period, worms were transferred to an agar plate seeded with E. coli and allowed to move briefly through the bacterial lawn for 0, 2, or 50 sec. They were then moved to a food-free area of the agar surface adjacent to the bacterial lawn, such that the total time on the treatment plate always equaled 60 sec. Turning frequency was quantified for 5 min immediately after the treatment. These values were then compared with those observed during the first 5 min of food deprivation.
Worms that did not spend any time in the bacterial lawn showed a reduced frequency of high-angled turns during the last ; n refers to plates unless otherwise stated). E, The ARSi, representing the ratio of mean turns for the first and last observation periods, after 0, 2, or 50 sec of food exposure after 29 min of food deprivation (n ϭ 8). Worms exposed to food just before the second observation period show significantly more turns than worms not exposed to food. *Statistical difference ( p Ͻ 0.05).
5 min observation period compared with that observed during the first 5 min of food deprivation (Fig. 1 E) . Thus, movement by glass pick (touch stimuli) and foraging in the proximity of food was not sufficient to reset ARS behavior. Only physical contact with E. coli restored turning frequency to a value equal to or above its initial frequency, thus reestablishing the ARS behavior (Fig.  1 E) . This suggests that chemosensation alone is not sufficient to reset ARS behavior (Sawin et al., 2000) . A 2 sec exposure to food was sufficient to eliminate the decrement in turning frequency. Fifty-second periods on food after starvation further increased turning, consistent with previous reports that starvation increases the sensitivity to food (Avery and Horvitz, 1990; Sawin et al., 2000) .
ARS behavior requires functional glutamatergic signaling
A small set of interneurons has been shown to mediate the withdrawal response to tactile stimuli (Chalfie et al., 1985) and to regulate the rate of high-angled turns (Zheng et al., 1999) . These neurons express a subset of the known iGluR subunits in C. elegans, including the non-NMDA subunits GLR-1 and GLR-2, that interact to form functional heteromeric channels (Mellem et al., 2002) . Mutations in the glr-1 gene modulate the frequency of reversals but do not lead to uncoordinated behavior or an inability to undergo high-angled turns (Maricq et al., 1995; Mellem et al., 2002) . This evidence suggests that glutamatergic signaling may regulate ARS by modulating the frequency of high-angled turns to increase turning when in preferred locations (presence of food) and reduce turning when in other locations (absence of food).
To test the hypothesis that glutamatergic signaling is required for the dynamic changes in turning during ARS, we quantified the turning frequency of glr-1, glr-2, and eat-4 mutants using the ARS assay. eat-4 encodes the C. elegans ortholog of the mammalian glutamate vesicular transporter and is expressed in sensory neurons presynaptic to interneurons that express GLR-1 and GLR-2 (Lee et al., 1999; Bellocchio et al., 2000; Takamori et al., 2000) .
We found that glr-1(ky176), glr-2(ak10), and eat-4(ky5) mutants were defective in ARS, because the frequency of high-angled turns did not decrease in response to food deprivation (Fig. 2) . These mutants were all capable of undergoing spontaneous highangled turns as well as reversals in response to tactile stimuli (Maricq et al., 1995; Mellem et al., 2002) . Interestingly, these three mutants performed similarly in the ARS assay. The defects in ARS were rescued in transgenic glr-1 and glr-2 mutants that expressed a wild-type glr-1 or glr-2 genomic clone, respectively (Fig. 2 A, B) . These data suggest that glutamatergic signaling is required for ARS behavior.
Dopaminergic signaling is required for ARS
Dopamine plays a significant role in C. elegans behaviors, including locomotion, egg laying, and the basal slowing response to food (Schafer and Kenyon, 1995; Weinshenker et al., 1995; Sawin et al., 2000) . The C. elegans hermaphrodite has four bilaterally symmetrical pairs of dopaminergic neurons (ADE neurons, PDE neurons, and two pairs of CEP neurons) that appear to play a role in mechanosensation (Sulston et al., 1975; Sawin et al., 2000) . Ablation of these neurons using a laser microbeam is sufficient to reduce the basal slowing response to food (Sawin et al., 2000) and may also affect ARS behavior.
To investigate the role of dopaminergic signaling in ARS, we ablated the dopaminergic neurons using the human caspase interleukin-1␤-converting enzyme (ICE) (Cerretti et al., 1992; Thornberry et al., 1992) . C. elegans neurons that express ICE have been shown to undergo premature cell death (Zheng et al., 1999) . ICE and the reporter molecule GFP were expressed in the dopaminergic neurons of transgenic worms using upstream regulatory sequences of the dat-1 gene (Jayanthi et al., 1998) . Cell death was assessed by monitoring the loss of GFP fluorescence (Fig.  3 A, B) and by the characteristic morphological features of apoptotic cell death (Fig. 3C,D) . Transgenic worms in which all neurons were dead by GFP expression criteria failed to exhibit ARS Figure 2 . Defects in glutamatergic signaling alter ARS. A, The mean number of high-angled turns per millimeter during the first (black) and last (gray) 5-min observation period for wildtype worms; eat-4(ky5), glr-1(ky176), and glr-2(ak10) mutants; and transgenic glr-1 ( glr-1 Rescue) and glr-2 ( glr-2 Rescue) mutants that expressed an introduced wild-type glr-1 or glr-2 transgene, respectively (n ϭ 10). B, The ARSi. *Statistical difference from self in A by Student's t test or from wild-type in B by repeated-measures ANOVA ( p Ͻ 0.05). after removal from food (Fig. 3 E, F ) . This result suggests that dopaminergic neurons release dopamine in the presence of food to modulate turning frequency. We also noted that the baseline frequency of high-angled turns increased in the transgenic worms during the last observation period. This may reflect developmental compensation for the absence of dopaminergic inputs. Alternatively, dopaminergic neurons may have multiple functions such that they regulate both the baseline frequency of high-angle turns as well as ARS.
To further address this issue, we ablated specific subsets of the dopaminergic neurons using a laser microbeam. Compared with mock-ablated worms, ablation of the ADE, CEP, or PDE neurons alone had no effect on either the baseline frequency of highangled turns or on ARS behavior (Fig. 3G,H ) . This suggests that the neuronal regulation of high-angled turns is distributed among the dopaminergic neurons. To address this further, we ablated pairs of neurons in all combinations. Ablating both ADE and CEP or ADE and PDE did not eliminate ARS behavior. Interestingly, worms in which both CEP and PDE neurons were ablated no longer performed ARS, thus localizing the modulation of high-angled turns to these neurons. Furthermore, ablation of both the ADE and PDE neurons increased the baseline frequency of high-angled turns, suggesting that specific dopaminergic neurons may have distinct roles in regulating ARS behavior.
We also determined whether exogenous dopamine could rescue the ARS defects of transgenic dat-1::ICE worms. Both wildtype and transgenic worms were incubated on agar plates containing both bacteria and dopamine for 5 min, and their ARS behavior was observed on food-free plates without dopamine. Interestingly, dat-1::ICE worms preincubated on dopamine exhibited complete rescue of the ARS response (Fig. 3 I, J ) .
Exogenous dopamine increases the frequency of high-angled turns
Our analysis suggests that dopamine plays a role in the modulation of turning frequency. Therefore, we determined the effect of exogenously applied dopamine on turning behavior in wild-type worms. Increasing concentrations of dopamine increased the frequency of high-angled turns (Fig. 4 A) . To confirm that these were directly mediated by dopamine receptors, we preincubated worms for 5 min on agar containing the dopamine antagonist raclopride and then observed worms for 5 min after they were transferred to agar plates containing both raclopride and dopamine but not food. Raclopride blocked the effects of dopamine on turning frequency (Fig. 4 B) but did not disrupt the ability of these worms to undergo high-angled turns. These data support the hypothesis that exogenous dopamine acts via dopamine receptors to increase the frequency of high-angled turns. We also tested the effect of raclopride on ARS. Exposure to raclopride after removal from food was sufficient to completely eliminate ARS (Fig. 4C,D) demonstrating that the dynamic modulation of turning requires functional dopaminergic signaling pathways.
These results demonstrate the importance of the neurotransmitter dopamine in ARS behavior. If functional dopaminergic pathways are required for ARS, we would hypothesize that cat-2 mutants, which are defective for dopamine synthesis because of a mutation in tyrosine hydroxylase (Sulston et al., 1975; Lints and Emmons, 1999) , would also show defects in ARS. Consistent with our hypothesis, cat-2(e1112) mutants no longer showed ARS behavior (Fig. 5) . These defects were rescued in cat-2 mutants that were observed on dopamine plates (Fig. 5) . Previous work by Sawin et al. (2000) suggests that other mechanisms that control foraging might come into effect after 30 min of food deprivation. Figure 5 shows that wild-type worms and cat-2 mutants adapt to dopamine over a 30 min period (Schafer and Kenyon, 1995) , further establishing the role for nondopaminergic mechanisms in response to starvation.
Glutamate receptors are required for dopaminergic effects on locomotion Dopamine may regulate ARS by modulating glutamatergic neural circuits or via parallel pathways independent of glutamatergic signaling. To test the hypothesis that dopamine modifies glutamatergic signaling, we applied exogenous dopamine to eat-4, glr-1, and glr-2 mutants and to the glr-2 glr-1 double mutant. Worms were moved to an observation plate in either the presence (test plate) or absence (control plate) of 10 mM dopamine, and their turns were measured for 5 min. The eat-4(ky5) mutants and the glr-2 glr-1 double mutants did not modulate their frequency of high-angled turns in the presence of dopamine compared with wild-type (Fig. 6 ). This suggests that dopamine is acting via glutamatergic signaling pathways to modulate the frequency of high-angled turns.
Interestingly, worms with a mutation in either glr-1 or glr-2 alone exhibited a response to dopamine (Fig. 6) , suggesting that other iGluR subunits may interact with either GLR-1 or GLR-2 to form functional channels that mediate the turning response to dopamine. Because glr-1 and glr-2 single mutants fail to show ARS in response to food deprivation (Fig. 2) , but still show a response to dopamine (Fig. 6) , dopamine may be acting via other glutamatergic or nonglutamatergic pathways to mediate a turning response to environmental stimuli. It is also possible that GLR-1 and GLR-2 can each function as a homomeric channel, explaining the responses of the mutants to dopamine.
Discussion
We show that C. elegans performs an ARS in response to food deprivation that is detectable over a 35 min period and is dependent on dopaminergic and glutamatergic signaling. ARS behavior is observed in a wide variety of animals (Bell, 1991) , including house flies (White et al., 1984) , leeches (O'Gara et al., 1991) , moths (Vickers, 2000) , populations of ladybug beetles (Kareiva and Odell, 1987) , and rodents (Benedix, 1993) . Specific molecular mechanisms have not been reported for the control of these behaviors. However, there is substantial support for the dopaminergic control of feeding and search behaviors (O'Gara et al., 1991; Sawin et al., 2000; Foltin, 2001) . Our results show how dopamine may regulate glutamatergic signaling in the locomotory control circuit to modulate turning in C. elegans and, therefore, generate a behavioral response to food deprivation. However, we cannot rule out that dopamine acts in a pathway that is parallel to glutamatergic signaling.
ARS is controlled by a dopaminergic response to food deprivation
The ability to inhibit ARS in C. elegans with the dopamine receptor antagonist raclopride, by ablation of the dopaminergic neurons, or by a mutation in cat-2 that prevents dopamine synthesis suggests that the modulation of turning in response to food deprivation is under the direct control of dopamine. This hypothesis was further supported by the observation that exogenously applied dopamine restored ARS behavior in transgenic worms in which the dopaminergic neurons were ablated using the human caspase ICE.
Previous observations of the locomotion rate in C. elegans found that a slowing response to food exposure, called the basal slowing response, required functional dopaminergic signaling (Sawin et al., 2000) . This result, considered together with our observations, provides a mechanism for ARS in C. elegans in which dopaminergic neurons transduce a food stimulus into a behavioral response consisting of a change in the frequency of high-angled turns.
Dopamine acts via glutamatergic signaling pathways to modulate turning frequency Previous work (Zheng et al., 1999; Brockie et al., 2001b; Mellem et al., 2002) has revealed a strong relationship between the functional properties of iGluRs and the control of turning frequency. For example, expression of a dominantly active iGluR in the command interneurons is sufficient to increase the frequency of reversals per minute by an order of magnitude (Zheng et al., 1999) . In addition, deletion of the iGluR subunits GLR-1 and NMR-1 (NMDA type) in the command interneurons results in a significant decrement in the frequency of high-angled turns (Brockie et al., 2001b; Mellem et al., 2002) .
A mechanism for the modulation of iGluR kinetics by dopamine has been described in detail for vertebrates (Greengard, 2001) . The mechanism involves a dopamine-activated secondmessenger pathway that leads to the phosphorylation of AMPAtype iGluRs Snyder et al., 2000; Greengard, 2001 ). Ultimately, this pathway results in the net activation of DARPP-32, a dopamine-and cAMP-regulated phosphoprotein that acts as a potent inhibitor of protein phosphatase (Yan et al., 1999) . Activation of DARPP-32 slows the dephosphorylation of AMPA-type iGluRs, thereby modulating the kinetic properties of the receptors. The time course of the change in receptor kinetics is on the order of minutes (Greengard, 2001) . A similar process may explain ARS behavior in C. elegans and, thus, provide a direction for future study of this plastic behavior.
Our work further contributes to this line of reasoning by showing that ARS behavior is dependent on iGluRs. We have shown that both dopaminergic and glutamatergic signaling are necessary for the modulation of high-angled turns after food deprivation. The command interneurons that express the GLR-1 and GLR-2 subunits receive synaptic input from the dopaminergic sensory neurons, suggesting that dopaminergic signaling may directly modify iGluRs to control the frequency of high-angled turns and, thus, ARS behavior.
Interestingly, glr-1 and glr-2 mutants (Maricq et al., 1995; Mellem et al., 2002) , and worms with mutations in the EAT-4 glutamate vesicular transporter (Lee et al., 1999) , do not have coordination defects, nor do they show a reduction in the velocity of movement. Furthermore, these mutants can still perform high-angled turns in response to certain external stimuli. Compared with glr-1 mutants, glr-2 mutants have less severe defects in behaviors regulated by glutamate (Mellem et al., 2002) . We also found that although glr-2 mutants have a high level of baseline high-angled turns, they are, nevertheless, deficient in ARS. These data show that eliminating ARS behavior in iGluR mutants is not simply caused by a reduced frequency of high-angled turns dur- ing the first observation period. Taken together, our data suggest that glutamatergic signaling is required for the modulation of turning frequency in response to specific environmental stimuli and, thus, ARS behavior. Therefore, we propose a mechanism whereby dopaminergic sensory neurons; activated by a change in food stimuli, release dopamine to modulate downstream glutamatergic signaling (Fig. 7) . Dopamine may directly modulate glutamate release or uptake, the properties of iGluRs in the command interneurons, or possibly the properties of other interneurons in parallel pathways that interact with these neurons.
Additional mechanisms for the modulation of turning frequency
Given the importance of identifying resources in the environment, it is likely that additional signaling pathways transduce information about the presence or absence of food into a behavioral response. Previous work on the locomotion rate in C. elegans shows that the response to food after long periods of starvation is transduced by the neurotransmitter serotonin (Sawin et al., 2000) . Other research shows a role for octopamine in starvation-induced behaviors and serotonin in feeding-induced behaviors (Horvitz et al., 1982) . The lack of ARS in glr-1 and glr-2 mutants suggests that serotonin and octopamine might also be required to modulate turning via a circuit that is dependent on glutamatergic signaling. The existence of other pathways provides a mechanism for developmental compensation and may thereby explain the lack of complete elimination of ARS in cat-2 mutants, which appear to be deficient in dopamine synthesis (Sulston et al., 1975) , as well as the change in baseline turning frequency observed in transgenic dat-1::ICE worms. The high baseline turning frequency in these transgenic worms compared with cat-2 mutants suggests that the dopaminergic neurons, required for ARS, may have an additional function that acts to downregulate the frequency of high-angled turns. We have found that the baseline turning frequency is modulated by both dopamine and glutamate. Mutations in glr-1, glr-2, eat-4, and cat-2 and treatment with raclopride, all associated with disrupted ARS, also decrease the baseline turning frequency. However, as we have shown for glr-2 and glr-1 mutants, the effects on high-angled turns and ARS are partially separable. In addition, ablation of dopaminergic neurons caused a severe decrease in ARS without significantly affecting high-angled turns. We also believe that it is unlikely that the loss of ARS behavior in cat-2 mutants is attributable simply to a decreased frequency of high-angled turns during the first observation period. First, our analysis shows that cat-2 mutants are still capable of performing these turns, although at a lower frequency. Second, we do not observe the proportional decrease in turn frequency over the observation period that is characteristic of ARS behavior.
Given the range of environmental stimuli that influence turning behavior in C. elegans, we suspect that many pathways will influence ARS behavior. However, our research identifies the importance of dopaminergic and glutamatergic signaling in ARS, thus providing a framework for additional investigation of the underlying neural mechanism. White et al. (1986) , of the neural circuit proposed to control ARS that shows the position of the dopaminergic sensory neurons (CEP, PDE, and ADE) relative to the command interneurons that express GLR-1 and GLR-2 (AVA, AVB, AVD, AVE, and PVC). Postsynaptic interneurons that express serotonin (RIG), octopamine (RIC), and those involved in the tap response (DVA) (Rankin et al., 1990) are also shown. Sensory neurons (triangles), interneurons (hexagons), and motor neurons (circles) are shown. The 3 and ͉ represent chemical synapses and gap junctions, respectively. B, We propose a model in which food activates dopaminergic sensory neurons, causing them to release dopamine onto downstream neurons. This may lead to the modulation of glutamate receptors in the postsynaptic cell via an unidentified intermediate, or to increased glutamate release from presynaptic glutamatergic neurons. The activation of glutamate receptors results in an increased frequency of high-angled turns.
